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ASTRONAUTICS 


PREVIEWING THE AEROLOGICAL ROCKET 


It is generally conceded that one of 
the first useful fields of application 
for the liquid fuel rocket when it is 
adequately developed will be as an 
apparatus for carrying meteorological 
instruments into the upper atmo- 
sphere. It is therefor of interest to 
note what requirements it must meet 
to serve satisfactorily in this capa- 
city, and what advantages over other 
techniques now in use it may offer. 

Although studies of the upper at- 
mosphere have been carried on since 
the beginning of the last century and 
even earlier, it is only since the ad- 
vent of extensive aerial navigation 
and the modern principles of air-mass 
analysis that systematic soundings 
have been maintained. ‘Air-mass 
analysis”, which is the study of wea- 
ther formation by determining the 
characteristics and interactions of 
large horizontally homogenous sec- 
tors of the atmosphere emanating 
from various “source regions’, re- 
quires a complete knowledge of the 
vertical properties of the atmosphere 
over many points on the earth’s sur- 
face — a knowledge which now falls 
in the province of meteorology called 
“aerology”. This information, con- 
sisting primarily of temperature, 
pressure, water-vapor content, and 
wind directions and velocities is now 
obtained in the United States by 
daily pilot balloon observations at 77 
stations, and by daily airplane flights 
from about 25 stations. The airplane 
observations, which include visual re- 
ports of cloud forms, precipitation, 


etc., are made to an altitude of 
16,500 feet when practicable; the 
pilot balloon observations, which con- 
sist of wind directions and velocities, 
and cloud formations determined by 
theodolite measurements of the drift 
of small free balloons, are made to 
whatever altitudes the balloons re- 
main visible and occasionally reach 
the stratosphere. “Sounding balloon” 
observations — that is, data deter- 
mined by automatic recording or 
transmitting instruments sent up in 
small unmanned balloons to great 
heights — are not at present used in 
regular weather forecasting, but only 
in special meteorological research, as 
during international months when 
upper air soundings are made simul- 
taneously by all weather bureaus re- 
presented in the International Com- 
mission for the Exploration of the 
Upper Air. 

Precisely how the perfected liquid 
fuel rocket will fit into this program 
it is of course impossible to foresee, 
due in part to evolution in the science 
of meteorology itself, and in part to 
the unpredictable operating charact- 
eristics of such rockets. However, 
some general conclusions may be 
drawn, based on reasonable assump- 
tions and present information. 

Even if we assume that no radical 
change takes place in the science of 
meteorology, making it more depen- 
dent on knowledge of phenomena in 
the high stratosphere such as rockets 
are in theory especially qualified to 
deliver, still the rocket could well be 
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employed in extending the range, 
effectiveness, and precision of aero- 
logical soundings of the sort now exe- 
cuted by other devices — provided, 
of course, that it attains a certain 
standard of reliable and inexpensive 
performance. In other words, if roc- 
ket experimenters and designers find 
it possible to develop a comparatively 
small and inexpensive machine that 
is simple to operate, it could be used 
to good advantage by weather bu- 
reaus to take over various functions 
now discharged by pilot balloons, air- 
planes, and sounding balloons. 

A very general description of the 
necessary operating charcteristics of 
such a standard “troposphere sound- 
ing” or aerological rocket may be at- 
tempted. First, it should be able to 
ascend vertically from five to ten 
miles and then descend by parachute 
at a predetermined rate. It should be 
able to repeat this performance reg- 
ularly and with the minimum of up- 
keep, adjustment, and propellant con- 
sumption. Its rate of acceleration 
should not exceed two or three gra- 
vities, or whatever figure is arrived 
at as reasonable for the preservation 
of recording instruments. It should 
be capable of carrying a meteoro- 
graph for recording temperature, 
pressure, and humidity and weighing 
one or two pounds. 

Assuming that such a rocket uses a 
motor that operates on a gasoline- 
loxygen propellant charge at a ther- 
mal efficiency of 20%, that it weighs 
22 pounds loaded and carries ten 
pounds of propellant (giving an en- 
ergetic efficiency of about 40%) that 
it accelerates at an average of 3 gra- 


vities (hence a dynamic efficiency of 
75%), that its “air resistance effici- 
ency”’ is about 40%, then such a roc- 
ket would operate at an over-all effi- 
ciency of over 2%, and its charge of 
propellants containing about 33,000,- 
000 foot-pounds of energy would be 
able to drive it to an altitude of about 
eight miles. The duration of the shot 
would be about a minute or a minute 
and a half. 

The meteorograph carried by a 
rocket of this type could be substan- 
tially the same as those employed in 
present sounding balloons except that 
it might need to be somewhat heavier 
and more rugged. Meteorographs now 
in use having bimetallic temperature 
element, hair hygrometer and aneroid 
cell, together with clockwork record- 
ing drum, weigh 175 grams or less. 
The instrument would be held in a 
locked position during the vertical 
flight and would be set in motion by 
the same device that actuates the 
parachute release at the apex of the 
shot, so that it would record on the 
way down instead of on the way up 
as with sounding balloons. The speed 
of descent could be easily regulated 
by the size of the parachute, and vel- 
ocities as great or greater than the 
highest reached by sounding balloons 
(about 1500 feet per minute) could 
be easily attained. 

The advantages of such a system 
of aerological soundings are as 
follows: 1. A substantial reduction 
of the time required for the process, 
due to the rocket’s high speed and the 
rapidity of descent. Airplane sound- 
ings often require several hours, and 
balloon soundings not much less, 


while the rocket could ascend to the 
substratosphere and return in ten or 
fifteen minutes. 2. By the same 
token, a far more nearly vertical 
cross-section of the atmosphere would 
be obtained, which is very desirable. 
3. The horizontal drift would be re- 
duced to a minimum. This is a seri- 
ous factor in the operation of sound- 
ing balloons, which often drift tens 
or even hundreds of miles before 
landing, and not infrequently are 
either lost or are found only after a 
long period. 4. Vertical soundings to 
an altitude two or three times greater 
than with airplanes could be obtained 
regularly, independently of weather 
conditions. 5. The drift of the de- 
scending rocket and parachute could 
be measured by theodolites from the 
earth and upper winds charted with- 
out the use of pilot balloons. 

The deciding factor in such a pro- 
gram would be the cost of building 
and operating such rockets, and at 
this stage of development this is diffi- 
cult to foresee. However, it is safe to 
say that once a successful type of roc- 
ket motor and rocket is achieved, fa- 
brication costs will not be high, as 
one of the principle characteristics cf 
this engine is its extreme simplicity 
compared to other prime movers. A 
small standardized rocket weighing 
under fifteen pounds empty should 
certainly be built for a few hundred 
dollars, and the instruments it would 
carry should cost no more than those 
necessary in any other method of 
aerclogical sounding. Propellant con- 
sumption, amounting roughly to a 
quart of gasoline and a gallon of 
loxygen, should amount to not more 
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than two or three dollars per shot. 
This is less than the cost of one of 
the rubber balloons used in a sound- 
ing balloon ascension. Interest on the 
original cost of the rocket plus its up- 
keep would probably be more than 
made up for by the “mortality rate” 
of meteorographs sent up in sounding 
balloons (11% of all meteorographs 
sent up in sounding balloons from 
1904 to 1926 in the United States 
were lost permanently) and by the 
investment necessary in _ reserve 
meteorographs for use with sounding 
balloons while those in the field were 
being found and returned. As com- 
pared to the cost of sounding by 
means of airplanes, the expense of 
employing a small machine such as 
the aerological rocket should be far 
less than that of employ:ng a large 
and costly machine such as an air- 
plane, which must be piloted by a 
I’censed transport pilot. 

Some writers have suggested that 
meteorological rockets should be so 
constructed that the instruments and 
the empty rocket shell descend on 
separate parachutes, presumably with 
the idea that the light instruments 
could be allowed to descend more 
slowly. However, since provision 
must be made for the safe descent of 
the rocket anyway, and since this 
plan makes necessary the tracing of 
two obects instead of one, it seems 
hardly advantageous. To facilitate 


location of the rockets, a small radio 
tone emitter (which can be built 
weighing only an ounce or two) could 
probably be included in their equip- 
ment, and a scout car provided with 
a loop aerial to follow them. Even in 
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strong winds, such rockets would 
never drift more than ten miles from 
the launching station, because of 
their free fall. Even if quick recovery 
proved not always feasible, radio- 
meteorographs as used in the latest 
sounding balloons could be used in- 
stead of ordinary recording meteoro- 
graphs, so that the data would be re- 
ceived instantly. Such radiometeoro- 
graphs can at present be built weigh- 
ing one pound and with a transmit- 
ting range of 100 miles or more. 

As the altitudes to be explored in- 
crease, the superiority of the rocket 
becomes more clearly marked. If at a 
future date a program of stratosphere 
sounding as intensive as present-day 
troposphere sounding is achieved by 
weather bureaus, the rocket will be 
the machine par excellence for the 
purpose. For this task we must en- 
visage a more powerful projectile 
than the aerological rocket of the pre- 
ceding discussion, which was con- 
ceived as simple as possible so that 
its use might be economically feasible 
in all upper-air stations which now 
employ airplanes or pilot balloons. A 
high-altitude rocket such as this 
might weigh in the neighborhood of 
forty or forty-five pounds (including 
six or eight pounds of instruments) 
and carry 40 pounds of propellants. 
Because of its larger size and power, 
such an apparatus would have better 
performance characteristics than the 
troposphere rocket. Air resistance 
efficiency would mount substantially, 
since the major portion of the trajec- 
tory would lie in very rarified atmo- 
sphere. The thermal efficiency of the 
motor would also be higher, because 


of its larger size and more refined de- 
sign, and it could burn a somewhat 
more powerful fuel such as benzol, 
since the operaticn conditions would 
make its use practicable. Assuming 
an air resistance efficiency of 70%, 
motor efficiency of 25%, acceleration 
at 3 grav:ties (dynamic efficiency of 
75% )and with an energetic efficiency 
of about 40% determined by the pro- 
pellant to dead-weight ratio of about 
one to one, the resulting over-all effi- 
ciency becomes better than 5% which 
enables the forty pound benzol-loxv- 
gen propellant charge to lift it to an 
altitude of about 20 miles. The time 
of ascent would be 2 or 3 minutes. 

The meteorograph carried by a 
rocket of this type would have to be 
of a radically d‘fferent design from 
those in use at present, because of the 
conditions under which it would have 
to operate. Since the upper two-thirds 
of the trajectory passes through air 
tco rarified to operate a parachute 
(parachutes attached to instruments 
dropped from manned stratosphere 
balloons do not even open at heights 
of ten miles or more) the recording 
instruments would have to be design- 
ed to function at very high speeds — 
in fact, during upward flight. The 
barograph, for instance, would prob- 
ably record the dynamic pressure due 
to the airflow through some sort of a 
Pitot tube arrangement, since reading 
the static air pressure at such speeds 
would be most difficult. (This factor 
must be taken into account to some 
extent with Friez-type aerometeoro- 
graphs when mounted on airplanes). 
In like fashion the temperature re- 
cording instrument—possibly a mod- 
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ification of present resistance therm- 
ometers—would have to be corrected 
for the dynamic effect of the air- 
stream. Probably the most difficult 
problem would be the design of a 
hygrometer capable of reacting rapid- 
ly and accurately enough for use at 
such high velocities. All instruments 
would probably be calibrated for use 
in a small variable-density wind 
tunnel. 

To coordinate their readings with 
the altitude and velocity of the roc- 
ket, a simple accelerometer could be 
made to trace its curve on the same 
recording drum. From this could be 
calculated the velocity and altitude 
for all points along the trajectory, so 
that the proper correcting factors 
could be applied to the readings of 
the other instruments. This last oper- 
ation might even be done mechani- 
cally. 

A sounding rocket so equipped 
would secure a complete record from 
ground level to 20 miles height of the 
three major characteristics of the at- 
mosphere necessary for air-mass ana- 
lysis and the study of dynamic 
meteorology. It is even possible that 
it might be equipped to record the 
direction and intensity of horizontal 
winds at various levels, by means of 
two sensitive recording accelerome- 
ters acting at right angles to the hori- 
zontal plane, and with their orienta- 
tion maintained by gyroscopes. At 
the apex of the flight, all instruments 
would be locked and the projectile 
would begin its fall back to earth. A 
strongly constructed parachute of 
small diameter would allow it to drop 
at very high speed to within a mile or 
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two of tke surface, when a larger 
parachute wouid open allowing it to 
drift the rest of the way. The whole 
process would be over in a few min- 
utes, and the horizontal drift would 
be negligible. 

Systematic high-altitude soundings 
carried on by such a device would be 
incalculably valuable to the meteoro- 
logist, since they would yield detailed 
information as to the structure of the 
upper atmosphere and its fluxions, 
laws of circulation, relation to pheno- 
mena in the troposphere, climatologi- 
cal cycles, etc., etc. With regard to 
the importance of research of this 
kind, a statement of Dr. J. Bierknes 
is particularly apposite: “...much fur- 
ther investigation of the mutual in- 
teraction of the stratosphere and tro- 
posphere in the genesis and develop- 
ment of our weather phenomena will 
be necessary before we can hope to 
really understand these processes and 
to forecast the weather with complete 
accuracy.” Improved balloons and 
radiometeorographs to facilitate this 
study are now being developed by 
meteorologists in various centers (as 
the Blue Hill Observatory, U. S. 
Bureau of Standards, California In- 
stitute of Technology) but once roc- 
ket experimenters have developed 
their devices to an adequate point, 
there is little doubt that they will be 
adopted for such purposes. 

Rockets of the more powerful type 
discussed would of course be too ex- 
pensive and would require too speci- 
alized handling to use except at cen- 
tral stations, but even so it is doubt- 
ful that they would represent any 

(continued on page 17) 
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ON THE AERODYNAMIC PRINCIPLES OF THE 


GREENWOOD LAKE ROCKET AEROPLANE 


On February 23, 1936, at Greenwood Lake, N. Y., test flights of two rocket-propelled 
pilotless airplanes were made under the auspices of the Rocket Airplane Corporation of 
America, of which Mr. F. W. Kessler is the president. A concise report of the flights 
appeared in the March issue of Astronautics, and Dr. Klemin has kindly agreed to 


furnish an outline of his calculations for the aerodynamics of these machines. 


As 


actually constructed by an independent concern employed by Mr. Kessler the two planes 
did not exactly follow these specifications, but were somewhat heavier, and in addition, 
a different type of catapult was used; however the following calculations are of great 


interest and value. —- Editor. 


When in November, 1935, Messrs. 
Kessler and Ley asked me to make 
the aerodynamic calculations for the 
rocket airplane to be tested at Green- 
wood Lake, New York, I gladly 
agreed to cooperate because the prob- 
lems involved were novel and very 
interesting. 

The general scheme of the flight as 
outlined by Mr. Ley was as follows: 
A rocket motor was to propel a mini- 
ature airplane carrying 20 pounds of 
mail and ten pounds of fuels over a 
distance of about 114 miles. In order 
to obtain a long flight under full con- 
sideration of all the peculiarities of 
rocket propulsion, the plane was to 
climb under power at an angle of 
approximately thirty degrees. It was 
slightly tail heavy as long as loaded 
with fuel. When the fuel was exhaust- 
ed the balance of the plane would 
shift in such a way as to insure a long 
glide. The burning time of the rocket 
motor was to be thirty seconds, the 
thrust during this time approximately 
35 pounds. In order to use this limit- 
ed power to the best advantage the 
model was to be launched from a cat- 
apult so that the rocket motor would 
not be required to furnish the power 
necessary to bring the model up to 


flying speed. The catapult, at the 
same time, was to give the proper 
climbing angle to the model. 

It was decided to design and build 
a monoplane without a landing gear. 
In landing the airplane would land 
on the bottom of the fuselage. The 
rocket motor was placed in the ex- 
treme tail end and the payload in the 
nose of the fuselage, with the fuel 
tanks and fuel in the center. As the 
fuel was consumed, the center of gra- 
vity of the small airplane would shift 
slightly forward. 

In order to find the most efficient 
performance the following cases were 
calculated: 

Case I. Initial velocity 84 ft/sec. 
Trimmed for 2° power on, 10° off. 
Length of flight X, — 15,040 feet — 
2.85 miles. 

Vertical velocity in glide 3.28 ft/sec. 
Speed in glide 46 ft/sec. 

Case II. Initial velocity 64.8 ft/sec. 
Trimmed for 4° and 10°. 

X, — 11,990 feet — 2.26 miles. 
Vertical velocity 3.28 ft/sec. 

Case III. Initial velocity 55 ft/sec. 
Trimmed for 10° under all conditions 
X, — 10, 470 feet — 1.98 miles. 

Case III appeared to be the sim- 
plest condition and was used as the 


) 
Fe 
re 
- 
o 
d 
d 
1S 
as 
S 
ed 
pe 
| 
Cl- | 
ws 
bt- 
ny 
| 
1 
| 
hy 


basis for further calculaticns. The 

method of obtaining proper balance, 

us.ng Case III, was: 

1. To balance the ship for no fuel at 
24% chord of wing. 

2. To have the thrust of the rocket 
motor go through the center of gra- 
vity. The consumpt.on of fuel 
would result in a change of trim of 

the airplane of approximately 2.6 

degiees. If an average trim of ten 

degrees is desired during the fuel 
burning period the ship should be 
trimmed at about eight degrees. 

This required a tail setting of —5>. 

The conclusions eventially cbta:n- 
ed were: 

a. Gross we'ght = 77.5 tbs. 

b.Ship trimmed for no fuel at 24% c. 

3. Center of gravity movement of 

fully loaded plane and empty. 

d. Rocket motor fires on line thru c.g. 

e. Tail is set at —5> to wing chord. 

f. Catapult angle must be 23° giving 

a speed of 55 ft/sec. 

With these conditions fulfilled the 
range of the rocket airplane model 
would be abovt two m_les and the 
medel should be stable sat-sfactorily 
under all conditions. 

If the thrust of the rocket motor 
should exceed 35 pounds the climb of 
the model would become somewhat 
steeper, thereby losing distance and 
gaining altitude which would result in 
a longer glide. It was found that the 
total range would not noticeably 
change if the thrust were between 35 
pounds and 50 pounds while a stiil 
higher thrust would lesd to a slight 
shortening of the total range. 

The material for the airplane 


model was alum:num. The general 
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characteristics of the completed 

mcdel were: 

Wings Total span 194 inches 
Chord 28 inches 

Fuselage Length 139.53 inches 
Width 10 inches 


Greatest Height 17.43 inches 
Rectangular Cross-Section 
Vertical Tail Surface 22 in. at base 
Vertical Tail Surface 24 in. height 

Horizontal Tail Surface 

Rectangular Panform 
Horizontal Tail Surface Span 66 in. 
Horizontal Tail Surface Chord 15 in. 


The construction of a catapult 
powerful enovgh to accelerate an air- 
plane model of 7714 pounds gross 
weight to a velocity of 55 feet per 
second is not difficult. It had, how- 
ever, to be considered that the size of 
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THE BUILD-UP PRESSURE OF 


ENCLOSED LIQUID OXYGEN 
As Determined by Field Tests with the A. R. S. Proving Stand 


The graph shows the actual rela- 
tion between the pressure in the liquid 
oxygen tank (read at intervals thru 
field glasses by Mr. Shesta) and the 
corresponding time after the oxygen- 
inlet valve had been closed. The pur- 
pose of this operation was to build up 
a feed-pressure back of the liquid 
oxygen equal to the nitrogen presure 
placed back of the gasoline. 

The empirical formula 

p = (3T — 80) t 
where p is the oxygen pressure in Ibs. 
per sq. in. gage, T is the atmospheric 
temperature, degrees Fahr., and t is 
the number of minutes after the 
liquid oxygen tank is completely seal- 
ed, is useful in estimating the time 
that will elapse before the rocket is 
ready to fire. It applies only to the 
Society’s liquid oxygen tank in the 
proving stand. This is cylindrical 


copper tubing 3 in. outside diameter, 
1/16 in. thick, and 21% in. long. 
The theoretical pressure is a compli- 
cated problem in heat transmission 
involv:ng a shape factor, and variable 
conductivity and surface transmission 
ccefficients. Its sclution will be under- 
taken at some future time. 


— Alfred Africano 
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On the Aerodynamic Principles of the Greenwood Lake Rocket Airplane 
(continued from preceding page) 


the catapult had to be limited while 
the acceleration had to be low. The 
solution was found in a catapult with 
20 feet effective runway powered by 
rubber strands. Such a catapult 
would furnish the necessary flying 
speed without exceeding an accelera- 
tion four times that of gravity. 
That these models did not fulfill 
the expectations may have been due 
to one or all of the following reasons. 
1. That the catapult did not furnish 


the necessary power. 
2. That the models were heavier than 
calculated. 
3. That the wings were poorly built. 
The test did show, however, that 
the models were satisfactorily stable 
and that rocket propulsion for air- 
planes under special conditions and 
for specialized purposes is possible. 
— Alexander Klemin 
Daniel Guggenheim School of 
Aeronautics, N. Y. University 
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CONCERNING VELOCITY-RATIO EFFICIENCY 


Further Discussion of an Interesting Problem 


The three possible methods of cal- 
culating velocity-ratio efficiency have 
already been discussed by Alfred 
Africano in Astronautics. One of the 
nethods, the third of the three, is 
obviously wrong, and this he shows. 
The first method, however, is approv- 
ed by a number of workers in this 
field and when studied in more detail 
seems to be the most desirable of the 
three. 


The difficulty is that in defining 
the output, you also automatically 
define the input, and vice-versa. You 
must therefore make your definitions 
in pairs; and, while the one alterna- 
tive has one unusual definition, the 
other alternative has a definitely un- 
desirable definition. The problem is 
not to choose the “right” definition, 
but the best, and most convenient, 
of two alternatives. 


The alternatives, with the reason- 
ing behind each, are as follows. 


1. The power of a rocket, or its 
output, is considered as the product 
of the reactive force developed, as 
shown by the test stand, and the velo- 
city of the rocket, which is the velo- 
city at which the force acts. 


Output = R V 


The Input is defined as the fraction 
of the heat energy usefully trans- 
formed into kinetic energy plus the 
instantaneous kinetic energy of the 
fuel being used. This is defining a 


total energy quite comparable in 
form to that in the well-known Ber- 


noulli equation. 


2 
Input = Ethermal m Q 
m V? 
2 2 


Elementary physics seems to de- 
mand the first definition. The second 
definition is unusual, but the study of 
rocketry with its tremendous speeds 
should be expected to lead to new 
situations. It is certainly not an im- 
possible definition; the absolute velo- 
city with respect to the earth is al- 
ready customarily used to find the 
final, or wasted, energy. Why not 
include it in the initial value? To do 
so does not involve giving the fuel 
extra energy “gratis”, for the energy 
has already been charged to the pre- 
viously burned fuel which was re- 
sponsible for its development. 


2. The power, or output, is defined 


ev{ 


(r is the velocity ratio, V/c) 
and the input is the same fraction of 
heat energy as before. 

Etnermal m Q or m ad 


as 


The second definition could be used 
if desired, for it does represent one 
way of thinking about input; except 
that in accepting it you must also 
accept the first. And the first contra- 
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dicts the laws of physics, gives no 
mental picture of its meaning, and is 
contrary to everyday usage. A rocket 
developing a force of 50 pounds and 
traveling at 3000 feet per second 
should be credited w:th a power out- 
put of 150,000 ft. tb. per second, not 
something around 75,000. 


But in addition to the reasoning 
outlined in the two alternatives, 
which should be sufficient, there are 
two additional reasons why the first 
alternative should be adopted. 


1. Because only in the first does a 
rocket which is actually doing posi- 
tive work, overcoming inertial or fric- 
tional forces, always have a positive 
efficiency. A definition leading to a 
possible negative efficiency under 
such circumstances should be avoided 
if possible. 

2. Because efficiency as defined in 
the first is a measure of the excellence 
of a rocket’s work at a given moment, 
while in the second it is something 
which can only be called “instantan- 
eous efficiency considering the trip as 
as whole”. The former is the only one 
directly comparable to such common- 
ly used efficiencies as that of the en- 
gine-propellor combination, and is 
therefore the one in which the en- 
gineer is most interested. 


Considering the relative merits of 
the two alternatives, as well as the 
two additional arguments, it would 
appear that the velocity ratio effici- 
ency is best defined as 

2r 


The total efficiency which follows 
from this is defined as 


= 


In no case is the total efficiency the 
p-oduct of the velocity ratio and ther- 
mal efficiencies, although at low velo- 
cities the error in considering it so is 
small. 


— Robert Uddenberg 
Mass. Institute of Technology 


Appendix 


The two alternatives can not, of 
course, be split up. To take the out- 
put defined in the first and the input 
of the second is to have Mr. 
Africano’s third alternative. 


In this case 
Output = R V 
mc? 
2 
But it is agreed that the losses are 


m 2 


Input = 


and certainly 
Input = Output + Losses 
Substituting in the latter equation 


mc m 
=RV+ (V—c) 


which leads to a reductio ad absur- 
dum. 


m c? m V? 
=mcV+ 
2 
—mcV+ 
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FUNDAMENTAL EQUATIONS OF ROCKET MOTION 


Part I! — Air Resistance and the Advantageous Velocity 


Having obtained some insight into 
the motion of a rocket in airless 
space, we may now take up the more 
difficult problem of its motion in air. 
The additional force which we must 
now take into account, the air resis- 
tance, is composed of two distinct 
parts, the skin friction, caused by the 
rubbing of the air on the surface of 
the rocket and the head resistance 
caused by the pressure of the air on 
the nose of the rocket as it pushes 
through the atmosphere, and also by 
the suction of the low-pressure area 
around the rocket’s tail. The exact 
value of these quantities at the high 
velocities attained by rockets is still 
rather doubtful, but sufficient data 
exists to give an approximate idea of 
the forces involved. 


The skin friction on projectiles has 
not been investigated for high velo- 
cities, which is unfortunate, since cal- 
culations indicate that it is responsi- 
ble for over half the total air resis- 
tance of a well-designed rocket. Ex- 
periments tend to show that at mod- 
erate speeds it varies according to the 
law 


R= C, S— sv 
where R, = skin friction (pounds), 


d 
7 = half the air density (slugs per 
cubic foot), S is the area of the “rub- 
bing surface” exposed to the air (sq. 


ft.), V is the velocity (feet per sec.), 


and C, is a coefficient dependent on 


the Reynolds Number, : where 


L is the length of the rubbing surface 
in feet and v is the viscosity of the 
air, which varies with the tempera- 
ture (for 60 F. and 1 atmosphe-e 
pressure—— = 6350.) (See Fig. 1). 
For constant air conditions (constant 
d and v) R, varies as V'*°, since 
C, varies as (Reynolds Number)--*’, 
very nearly. 

The head resistance varies accord- 
ing to an even more complicated law, 
and experimental data is scarce, es- 
pecially for streamline bodies such as 
rockets. From experiments on artil- 
lery shells, the resistance is found to 
vary according to the equation 
R= V* (D. B.) 
where R, = head resistance (tbs.), 
d = diameter of projectile (inches), 
V = velocity (feet per sec.), D.R. = 
ratio of air density to standard sea 
level air density, and C, is a coeffici- 
ent dependent on shape and velocity 
of the shell. (See Fig.2). The abrupt 
increase in C, at the speed of sound 
(1130 feet per sec) is owing to the 
formation of air-waves ahead of the 
projectile which “pile up” on the nose 
and create a high-pressure area there. 

An alternative equation proposed 
by Mayevski involves replacing V? in 
the previous formula by V", and 
dividing the air-resistance curve up 


| 
| 
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into six or more “velocity zones”, for 
each of which constant values of n 
and C, are used. This avoids the 
continuous variation in C, of the 
“square-law” equation and is prefer- 
able for certain theoretical work. The 
values of n vary from 2 to 5, the 
latter value being reached in the 
“zone” near the speed of sound, 
where R, rapidly increases. 

The flow-patterns, wave-effects, 
and other phenomena of air-resis- 
tance must be passed over here for 
lack of space, though it is hoped that 
these may be discussed in some fu- 
ture article. 

The forces on a rocket owing to 
air-resistance are very considerable, 
amounting to as much as forty or 
fifty pounds on a fair-sized rocket of 
good streamline form (see Fig. 3), 
and calculations show that the alti- 
tude attained in air may be less than 
half that theoretically obtainable in 
vacuo. How can this great loss be 
lessened? First of all, by the utmost 
attention to streamlining, dispensing 
with all unnecessary projections such 
as pipes, valves, bolts, etc., and fair- 
ing all parts into a smooth shell with 
streamline nose and tail. Obviously, 
the “tail-drive” rocket is best suited 
to this purpose. The rocket should be 
long and slender, with a length about 
thirty times its diameter, according 
to the author’s calculations. Also, 
dynamic stabilization by means of 
gyros or other such devices working 
small movable rudders or “gas-fins” 
is better than the use of large fixed 
fins, from the standpoint of air-resis- 
tance, aside from that of stability. 
The rocket should be as large as pos- 
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sible, too, since the weight and carry- 
ing capacity of a rocket vary as the 
cube of its dimensions while the air 
resistance varies only as the square 
of its dimensions. Indeed, Oberth 
maintains that an efficient rocket can- 
not be built smaller than about six- 
teen feet long; a smaller rocket, no 
matter how light and efficient in fuel 
consumption it is, will have its flight 
“killed off” by air resistance to such 
an extent that it cannot go up more 
than fifteen or twenty miles at most. 
The fuels used should have a high 
density—a strong point against liquid 
hydrogen, so often proposed for roc- 
ket work — and the clearance spaces 
for gas in the tanks should not be too 
large. If possible, the rocket should 
b2 launched from a considerable ele- 
vation such as a high mountain, or 
even an airplane or balloon as Oberth 
suggests, thus relieving the rocket of 
the hard work of boring up through 
te thicker layers of the earth’s atmo- 
sphere, besides giving it a good head 
start in the matter of altitude. Final- 
ly, the rocket ought to be adjusted to 
operate at all times as nezrly as pos- 
sible at its advantageous velocity — 
that is, the speed at which the two 
evils of low acceleration and of high 
air resistance are best balanced 
against one another. 

The proper value for the advan- 
tageous velocity can be obtained as 
fcllows: Suppose that the thrust T of 
the rocket is split up into two com- 
ponents, P being the thrust employed 
in accelerating the rocket and R be- 
ing the thrust wasted in lifting the 
rocket against its own weight and air 
resistance. Suppose the rocket tra- 
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verses a thin stratum of air of thick- 
ness dh and air density d, with a 
given acceleration a. Let m, be the 
fuel consumption in pounds per sec- 
ond required to produce thrust P and 
m, be that required for thrust R, and 
assume a constant exhaust velocity c. 

Then the work done in accelerating 
the rocket through dh is P dh = 


ee ah, where W is the weight of the 
rocket in pounds. Since W, a, g, and 
dh are all independent of the velocity, 
P is also independent and as P = m, 
c, m, is also independent. Thus the 
assumption of various values for V 
will affect R only. Now, R = m,c, 
and the total fuel expended in pro- 
ducing R throughout the interval dh 
m,dh Rdh 
V cV 
For minimum fuel consumption, 
d(m,dt)_ __4 (R d h) 
dV cV 


d R 
dv iv} 
dh, and c being constants. 

Now R = W + D, where W = 
rocket’s weight and D = total air re- 
sistance = C, V", assuming Mayev- 
ski’s formula, C, being a constant de- 
pending on the size and shape of the 
rocket and the air density in stratum 


= 


and so 


R W 


— — nia 

av + 
(n — 1) C, V2? 


Therefore W = (n—1) D for the 
advantageous velocity, at which the 


fuel consumpticn is the least. If we 
assume n = 2, which is nearly truce 
for speeds up to that of sound and 
also for supersonic velocities, we ob- 
tain the very simple relationship 
R 
5 
which is known as Obderth’s Liw, hav- 
ing been first derived (by a somewhat 
different method than the present 
one) by Prof. Hermann Oberth, the 
famous German rocket experimenter. 
Another useful equation can be de- 
rived from Cberth’s Law as follows: 
At the advantageous velocity, 


Wa 4+ 2W 


a 

Many very interesting conclusions 
can be drawn from Oberth’s Law. 
Evidently as long as D is less than W 
the rocket is running below its advan- 
tageous velocity and its acceleration 
can be high as we like; so during the 
first part of the flight (which may be 
termed the “speed-up”) the accelera- 
tion cught to be large (say 3 or 4g). 
As soon as the advantageous velocity 
is reached, wien the air resistance 
and weight are equal, the acceleration 
ought to be slacked off, and a period 
ensues during which the rocket bores 
upward against gravity and air resis- 
tance, at nearly constant or even de- 
creasing velocity (depending on whe- 
ther the rocket weight decreases less 
rapidly or more rapidly than the air 
density). Obviously the advanta- 
gecus velocity during the bore should 
be as high as possible, both from the 
standpoint of velocity-ratio efficiency 
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and from the desirability of building 
up high kinetic energy for the ‘coast’ 
after powered flight is completed. 
There is thus a double reward for 
cutting the air resistance to tthe low- 
est possible figure. 

The mechanical problem of main- 
taining the advantageous velocity 
throughout the flight is a rather 
knotty one. The method suggested 
by Oberth (Fig. 4) is as follows: The 
weight of the rocket is approximately 
proportional to the fuel level, which 
can be obtained by a float gage in the 
tank. This gage operates a rheostat 
which controls the current in magnet 
M. A pressure-plate on the nose of 
the rocket is pressed in against a 
spring by the air-resistance, and actu- 
ates another rheostat which controls 
magnet M’. An armature between 
the magnets controls throttle valves 
in the feed lines. Evidently if the 
balance of the armature is upset by 
the rocket weight’s falling behind the 
air resistance, or vice versa, the fuel 
feed will be decreased or increased till 
balance is restored. 


Another device, due to the present 
author, makes use of the equation 


[= — 2 i W 

(See Fig. 5). The bottom of one fuel 
tank has an inserted flexible dia- 
phragm acting against a spring and a 
pendulum weight, on opposite ends of 
a “floating lever”. The deflection of 
the diaphragm can thus be made pro- 

Wa 


Portional to + 2W, if the 


mechanism is correctly adjusted. The 
diaphragm motion controls a second 
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floating lever, whose other end is act- 
ed on by a spring-loaded piston 
moved by combustion chamber pres- 
sure, which is a measure of T, the 
thrust. The central pivot of this lever 
controls the throttle arm shown, 
which in turn controls the fuel valves 
through a suitable servo device. Evi- 
dently as long as the thrust is correct- 
ly balanced against the other compo- 
nents, the floating lever will simply 
tip back and forth, but any lack of 
balance will cause the throttle arm to 
move till the thrust is readjusted to 
the correct value. 

The above devices, while correct in 
theory, are complicated in practice. 
Where the trajectory of the rocket 
can be calculated in advance, they 
may be replaced by a simple timer 
controlling the fuel throttles by a cam 
or the like. An even simpler expedi- 
ent is to use a small clearance space 
in the tanks but utilize a high initial 
tank pressure. The acceleration will 
then be high to start with but will 
rapidly drop off. After the pressure 
has fallen to a certain point, a pres- 
sure-regulator begins to feed gas at 
constant pressure from a high-pres- 
sure tank, maintaining a constant re- 
action for the “bore”. 

So much for the bugaboo of air- 
resistance and our present means of 
combatting it. It is hoped that the 
previous discussion, incomplete as it 
is, has thrown some new light on this 
complicated question. Those who 


seek further material will find much 
of interest in the works listed in the 
bibliography following this article — 
Oberth’s ‘““Wege Zur Raumschiffahrt”’ 
(continued on page 18) 
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NOTES AND NEWS 


The Society’s program of meetings 
is now well under way. At the first 
winter meeting Mr. Shesta discussed 
the future plans of the Society, which 
include the completion of the new 
proving stand and a series of motor 
tests by various Society members, 
probably sometime this Spring. The 
construction of a new experimental 
rocket, for the purpose of studying 
stability in flight and trying out gyro 
controls and other instruments under 
actual flying conditions, is also under 
consideration, and we hope to present 
some definite news on this subject in 
our next issue. The work on the prov- 
ing stand has been greatly hampered 
by various constructional difficulties 
and many changes have had to be 
made in its details. For this reason, 
it has seemed preferable to postpone 
a description of the stand till the 
work is further along. 

At the same meeting, Mr. James 
Wyld described a new rocket design 
embodying a number of new features, 
such as a fuel-cooled motor, a pres- 


sure-equalizing system in the tanks, 
and gyro steering. The plan aroused 
much interest and discussion, and will 
probably be described in an early 
issue of Astronautics. 

Mr. Alfred Africano was the speak- 
er at the next meeting, and presented 
an ingenious analysis of the heat 
losses in a rocket motor, which tended 
to show that present rocket motors 
attain an efficiency much closer to the 
theoretically possible one than has 
hitherto been supposed. A summary 
of Mr. Africano’s interesting discus- 
sion will appear in our next issue. 

The first public meeting of the 
year, at the Museum of Natural His- 
tory, was the occasion of a talk by 
Mr. Pendray on “Six Years of Roc- 
ket Research”, which was embellish- 
ed with a large array of lantern slides 
showing rocket work both here and 
abroad and an equally large array of 
witticisms... The meeting was well 
attended and resulted in much in- 
terest — and a few new members for 
the Society! 


Previewing the Aerological Rocket (continued from page 6) 


greater investment either of money or 
of skill than the airplanes now used 
for aerological soundings, which are 
elaborately equipped with many in- 
struments such as directional gyro, 
radio transmitter, artificial horizon, 
etc., and which are piloted by highly 
trained men. In addition to securing 
almost instantaneous records of atmo- 


impossible for any heavier than air 
spheric conditions to heights utterly 
craft, such rockets could at the same 
time be used in programs of geophy- 
sical and astrophysical research which 
would vastly extend their usefulness. 
Special instruments could be installed 
for this purpose, such as electro- 
scopes, air samplers, cameras, etc. 
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However, such considerations lead 
into other fields of application too ex- 
tensive for discussion in this paper. 
restricted as it is to the aerological 
rocket, which from the point of view 
of the rocket experimenter is only the 
first useful application of an engine 
of almost infinite potentialities. 

In the foregoing discussion the per- 
formance characteristics of the hypo- 
thetical sounding rockets are of 
course only rough approximations, 
though they are based on the known 
laws of rocket motion and such exper- 
iments and calculations as are avail- 
able. The figures for the “air resis- 
tance efficiency” of the troposphere 
rocket are of the order of such effici- 
encies derived by Alfred Africano and 
J. H. Wyld in studies by the method 
of numerical integration using stan- 
dard ballistic formulas. The motor 
efficiencies are assumed greater than 
any so far attained with rocket mo- 
tors burning fuel and liquid oxygen 
(12%, by Professor Goddard) but 
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are substantially less than thore of 
other types of rocket motor that have 
been built and tested (45 to 707%, by 
Sanger of Vienna). 


— Peter van Dresser 
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Nos. 6, 7; International Aerological 
Soundings at Royal Center, Ind., May, 
1926, by Gregg, Fergusson, and Samuels, 
Month:y Weather Review, Juiy, 1927; 
Specifications for Making Airplane Wea- 
ther Cbservatio:u, pamph.ct, U.S. Weather 
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to Unmanned Balloons, William H. Wen- 
st-om, Monthly Weather Review, July, 
1934; The 1936 Radio-Meteorogranhs of 
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Sc., Nov. 1935; Empirical Rocket Desi 
Formulas, by A. Africano, Ast-onautics, 
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W. R. Gregg, Chief of the United Stat:s 
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contains a particularly exhaustive 
and scholarly study, especially of the 
advantageous velocity and its math- 
ematical implications. But the whole 
subject is in a very rudimentary 
state, and until test data is available 
on the behavior of high-velocity 
streamline bod‘es the elaborate and 
ingenious mathematics which has 
been so plentifully lavished on the 
theory of rocket flight is of very 
questionable practical value. And 
even theoretical investigations are 


greatly hampered by the tedious and 
cumbersome methods of numerical 
integration which are employed at 
present in the study of rocket trajec- 
tories. The proper correlation of ex- 
isting data, intensive experimentation 
in wind tunnel and flight tests, de- 
velopment of improved methods of 
calculation, the use of new graphical 
and mechanical analysers, and a full- 
er knowledge of the possibilities of 
improved thermal efficiency and 
(continued on page 20) 
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Le Moteur a Reaction Sera-t-il le 
Propulseur de l’Avion de Demain? by 
Victor Jougla, La Science et la Vie, 
Oct. 1936. — Discussion of the 
“tuyere thermo-propulsive” develop- 
ed by Leduc and Villey for aircraft 
propulsion. Consists of converging 
nozzle pointed in direction of air mo- 
tion which scoops air into combustion 
chamber where it is burned with fuel 
oil and ejected from rear expansion 
nozzle. Proper functioning depends 
on proportioning of various parts to 
air speed and operating pressures. 
Successful small scale experiments 
carried on at works of Compagnie 
Parisienne d’Air Comprime. Large 
engine planned to weigh 375 kg, have 
a forward diameter of 60 cm, and de- 
liver 10,000H. P. at air speed of 300 
meters per sec. Efficiency at this 
speed 11.2%, and increases with velo- 
city. Combustion chamber operates 
at 3000 C. Cost calculated at 12 
francs per H.P. in large units, as con- 
trasted to 250 francs for conventional 
engines. Inventors claim it logical 
driving mechanism for high-speed air- 
craft operating in the stratosphere. 
At hyperspeeds (greater than sound) 
expansion of nozzles reversed. 


Rocketeering by Willy Ley, Aviation, 
Nov. 1936. — Resume of general 
theory of rocketry, description of 
tests by Verein fur Raumschiffahrt, 
discussion of auxiliary launching roc- 
kets as applied to airplanes. 


Rocket Ships by Alan Finn, Air 
Trails, Jan. 1937. — Historical re- 
sume of rocketry from Chinese origins 
through Congreve war rockets to ex- 
periments of modern times. First of 
a series of three articles. 


La Propulsion Par Tuyeres, by Pierre 
Rousseau, La Vie Aerienne, May 12, 
1936. — Resume of lecture by M. 
ouis Breguet at a meeting of the So- 
ciete Francaise de Navigation Aer- 
ienne on stratospheric navigation. 
Brief discussion of Leduc tuyere. 


To the Moon via Rocket? by G. 
Edward Pendray, Sky, Nov. 1936. — 
Brief history of idea of interplanetary 
navigation; discussion of problems 
involved in a lunar flight and present 
status of rocket research. 


Les Fusees Volantes Meteoriogiques 
by Willy Ley and Herbert Shaefer, 
L’Aerophile, Oct. 1936 — Discussion 
of necessary parts of a meteorological 
rocket; calculation by numerical in- 
tegration of the trajectories of a roc- 
ket for initial accelerations of 1g, 2g, 
and 4g, and for exhaust velocities of 
2000 and 2500 m/sec., and for weight 
ratios of 1.7 and 2. it is shown that 
for the rockets considered, the best 
altitude is obtained with 1g initial 
acceleration, and that reduction of air 
resistance is more important than 
weight reduction, also that the alti- 
tude can be increased over 50% by 
starting the rocket from an altitude 
of 3 miles. 
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ROCKET EFFECT IN STANDARD 
AIRPLANE PERFORMANCE 


In an article in the Journal of the 
Aeronautical Sciences for August, 
Manfred Rauscher of M. I. T., points 
out that the exhaust blast of a regu- 
lation airplane engine is in effect a 
rocket jet and is capable of contri- 
buting perceptibly to the total thrust 
delivered by the engine and propellor. 
He calculates that a speed of 300 m. 
p-h. and with an unmuffied exhaust 
speed of 1000 ft. per second (corres- 
ponding to the jet velocity of a rocket 
motor) “there is a difference of 6% 
between the total thrust furnished by 
an engine whose stacks point straight 
backwards and the thrust of an en- 
gine with stacks pointing straight 
sideways.” As in the case of rocket 
performance, when the speed of the 
airplane increases, the energy deliver- 
ed by these exhaust gases also in- 
creases. 


However, the effect is complicated 
by the fact that energy is expended 


by the engine in drawing in air for 
combustion from the surrounding at- 
mosphere. Momentum must be given 
to this air in proportion to the square 
of the airplane velocity through it, so 
that this loss of power mounts rapid- 
ly with airspeed, and soon overbal- 
ances the gain in power from the 
exhaust jet reaction. This phenomena 
is an exact parallel to the “velocity- 
ratio efficiency” of a rocket in motion, 
since the communication of momen- 
tum to the intake air of the airplane 
engine corresponds to the increment 
of kinetic energy of the propellants 
carried by an accelerating rocket. 
Mr. Rauscher works out curves com- 
bining intake power loss and exhaust 
power gain for various exhaust velo- 
cities and airspeeds, showing that 
above 400 m.p.h. the loss overpowers 
the gain and at very high speeds be- 
comes in fact a serious hindrance to 
the functioning of a standard-type 
power plant. 


Fundamental Equations of Rocket Motion (continued from page 18) 


weight reduction will all be necessary 
before rocket theory ceases to be a 
heterogeneous mess of abstruse calcu- 
lation, inadequate data, half-baked 
guesswork, and hopeful figure-juggl- 
ing, and becomes instead a practical, 
exact, and usable science. 


— J. H. Wyld 
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